Urban and suburban environments, commonly shunned by field ornithologists, provide a special opportunity for studying the formation and regulatory dynamics of avian communities, especially in recently developed areas such as the American West. The establishment of cities may be regarded as ecological experiments in which a relatively simple array of novel features and resources (lawns, ornamentals, buildings, telephone lines, traffic, etc.) are rather suddenly introduced into a restricted area from which many of the natural features have been removed. The new synthetic habitats lie open to invasion and colonization by any birds that can reach them, utilize their peculiar constellation of resources, and survive their special hazards. The structure and balance of the new community will reflect not only the nature of these local resources and features but also the interactions of the species which converge on them from a variety of geographic and ecological sources. Relatively undisturbed tracts of the native landscape can generally be found near a new city to provide directly comparable control sites, while other cities of similar age may be available in the region as experimental replicates.
Urban and suburban environments, commonly shunned by field ornithologists, provide a special opportunity for studying the formation and regulatory dynamics of avian communities, especially in recently developed areas such as the American West. The establishment of cities may be regarded as ecological experiments in which a relatively simple array of novel features and resources (lawns, ornamentals, buildings, telephone lines, traffic, etc.) are rather suddenly introduced into a restricted area from which many of the natural features have been removed. The new synthetic habitats lie open to invasion and colonization by any birds that can reach them, utilize their peculiar constellation of resources, and survive their special hazards. The structure and balance of the new community will reflect not only the nature of these local resources and features but also the interactions of the species which converge on them from a variety of geographic and ecological sources. Relatively undisturbed tracts of the native landscape can generally be found near a new city to provide directly comparable control sites, while other cities of similar age may be available in the region as experimental replicates.
During the spring of 1972, I censused the adult birds on an 87-acre urban residential area in Tucson, Arizona. To provide a base for comparison, I also censused the birds on a nearby tract of "undisturbed" creosotebush desert selected for the similarity of its vegetation and terrain to the conditions that existed on the residential area before development was started 70 years before. The differences between the modern urban and the modern desert bird life at these two sites are treated in this report as changes attributable to urbanization.
STUDY AREAS
The urban site, a relatively uniform and quiet 24 square block area of small houses and lawns, known as Speedway Heights, lies about 2 miles (3. In this report I will attempt to describe the two habitats, emphasizing avian resources, and compare the bird communities at the two sites in terms of species composition, geographic and ecological provenance, species diversity, population density and biomass, feeding and nesting guild structure, and spacing characteristics. I will also examine the circumstances of urban colonization and the ecological and behavioral attributes of successful urban colonizers and consider the specific habitat changes accompanying urban development in Tucson as factors in population regulation and community balance.
METHODS
First, both areas were mapped using topographic and aerial photo bases. General features and selected special features in each of the habitats were then described, enumerated, and measured.
Habitat data included topography, soil characteristics, and measurements of the height, cover, and screening characteristics of the tree, shrub, and ground cover (Emlen 1956 ). Special features such as cactus plants in the desert and telephone poles in the city were enumerated and recorded in terms of density per unit area.
Particular attention was given to census methods. Only the resident land bird species, those regularly using the resources of the area during the period of the study, were included (see footnote in table 1 for elaboration and explanation).
Density estimates are expressed as absolute values in terms of individuals or grams of biomass per 100 acres.
Populations on the desert area were censused along 9.8 miles (15.7 km) of cross-country foot transect (single coverage) Special conditions in the urban area necessitated the application of several semi-independent census methods and a collation of the results to produce a "best estimate" of the total population for each species. The field procedures are described and critically evaluated below. Conuerted transect count. Transects were run along the four east-west streets of the census area during the 2 hr after sunrise on 26 March, 23 April, and 15, 288 May and along the four alleys bisecting these blocks on 16 April and 7, 21 May. The length of each transect was 9980 ft or about 1.89 miles (3.03 km). The total distance covered was 13.3 miles (21.4 km). Lateral distance estimates from the alley centers or street curbs were recorded for each bird observation as it was tallied, and lateral distribution curves of all detection points were plotted and used to provide conversion factors for the counts of each species on each census. The values presented in column 1 of table 1 are the means of the alley and street transect means. No adjustments for the inactivity factor were applied.
Densities derived for alley transects were about 1.3 times as high as densities for street transects. An obvious factor in this difference was the concentration of birds on the poles and wires along the alleys. Lateral distribution curves clearly reflected this and other irregularities in the evenness of lateral distributions through the blocks. Houses, averaging about 80 ft from the alleys and 40 ft from the street curbs, introduced a second disruptive factor by producing a backdrop beyond which detections were largely prevented except for high perching vocalizers. Tree rows and lawn strips along the curbs through many blocks formed a third factor by attracting concentrations of feeding, perching, and nesting birds, especially House Sparrows Home range mapping. Densities derived from spotmapping procedures are presented in column 2 of table 1. Spot maps were prepared for each species. Again, I followed the streets and alleys, traversing the entire area, this time in irregular patterns, on 3 days in each of three periods (5-9 April, lo-15 April, and 17-21 April).
For singing males, dots on the three maps for each species were rounded up in a best possible estimate of the home range or territory of each individual singer for that period. The number of home ranges was then estimated for each period and compared with the other periods for a best estimate of the late April population on the 87-acre tract.
The method appeared to give fairly accurate and complete information for dispersed, highly territorial singers such as the Mockingbird ( Mimus polyglottos), Cardinal ( Cu~cZinulis curdinuZis), and Cactus Wren ( Cumpylorhynchus brunneicapillus) ; it was clearly inadequate in its usual form for such loosely territorial and irregularly singing species as the House Sparrow, House Finch, and the doves, species that comprised the largest elements of this urban avian community. In view of this situation, I modified the procedure by mapping the point location of all birds encountered, distinguishing between singers and nonsingers by the form of the dots used. The clustering patterns of Direct strip count. After noting the biases of both the lateral distribution conversion method and the mapping method for the urban census area, I turned to a direct counting method similar to that used by Graber and Graber (1963) in suburban habitats in Illinois.
The results of these direct strip counts are presented in column 3 of table 1. In this method I used the same tallies I had used in the detectability conversion surveys (method 1 ), but instead of multiplying the total counts by the appropriate conversion factors, I simply totaled the tallies out to 90 ft in the alley transects and out to 70 ft in the street transects and added the two totals. The entire area was thus covered ( 160 ft between alley center and street curb), each complete coverage requiring two morning surveys. The relatively short distance to the cut-off boundary lines and the usually good visibility to those lines suggested that errors due to reduced detectability toward the back of the strips would be small and could be disregarded.
Theoretically, spot-map data obtained in the homerange mapping in this study could also be used as a basis for direct strip counts, except that all detection points mapped beyond the prescribed limits constitute strip overlap and potential duplication. Also, for strip counts, the procedure of following prescribed transect lines is preferable to the more flexible and irregular coverage used in point mapping.
Best (table 2) .
As already noted, special features and artifacts of human origin contribute importantly to the physiognomy and diversity of the urban habitat. House tops and particularly their superstructures such as air-conditioner units and television aerials provide attractive song and resting perches. Edges of tile roofs, ledges under roofs, and dense vines growing on walls provide important nesting cover for several species. Telephone poles and wires provide abundant and well-distributed perches at elevations from 10 to 40 ft, while fence tops provide similar perches at lower levels. Considerable food is generally available around the many poorly covered garbage and trash containers in each city block, but more importantly, bird seed, table scraps, and sugar water were deliberately put out for the birds by residents at 24 homes, regularly at 19 of them.
Desert area. Nearly flat, but classified as lower bajada rather than flood plain, the fine sand plus coarse gravel soil of this area supports a nearly uniform and evenly dispersed stand of creosotebush (Larrea divaricutu), 4-5 ft high and covering from 20 to 30% of the ground surface with widely spreading, lightly foliaged branches (table 2). A few shrubby acacias (Acacia constricta and A. greggi), cholla cactuses ( Opuntiu), and mesquite shrubs (Prosopis julifloru) are scattered among the creosotebushes but collectively comprise no more than 5-10% of the shrub cover. Trees are limited to an occasional lo-13 ft mesquite or palo Verde (Cercidium microphyllum), but these average 150-300 ft apart and cover only 0.5% of the surface. The huge sahuaro cactuses (Cereus giganteus), a prominent feature of much of the Arizona desert, are represented by an average of less than one decrepit specimen per hundred acres.
The ground cover consists of a thin and uneven stand of dry grasses and composites.
Signs of human disturbance are few in this desert tract except for a power line crossing one corner of the area and a few old wheel tracks. A small clump of cottonwoods a mile away marks the site of a cluster of small houses and a well. Such objects and the traces of irrigation and cultivation near them are known to have a marked effect on the local bird life and were assidiously avoided in this study. More subtle effects of man' s presence over the years are difficult to assess. There is still much discussion as to the extent to which 200 years of grazing may have altered the grass and shrub cover of the lowland desert. Creosotebush and shrub cactuses have apparently increased in some areas at the expense of the grasses and forbs, but the scope of the change and its effect on bird life is probably slight. The X on the first curve indicates the projected number of species for a tract of 980 acres, the size of the desert census area.
Arthur 1957). The H' vaIues for the urban
and the desert communities of this study were 1.734 and 2.189, respectively. The lower diversity value for the urban community reflects the low species number s noted above. To test whether it might also reflect a less even numerical distribution of member species, the diversity for each community was divided by the maximum diversity possible for the given number of species (i.e., when all species are equally numerous). This measure of equitability (J' = H' /IZ' max) revealed no appreciabIe difference between the two communities; it was 0.31 for the urban community and 0.29 for the desert community.
Errors in the H' diversity estimates arising from incompIete census coverage would be very small for either the urban or the desert community since rare species have little effect on the calcuIated values. EquitabiIity estimates would be affected more by incomplete species lists, but the effects would be very similar for the two areas.
Diversity (H' ) and equitability (J' ) are based on relative densities and theoretically should not be affected by the large differences in aboslute density that existed between the desert and the urban communities in this study. In practice, however, the sparseness of the desert populations could conceivably influence social behavior or interspecies competition in ways that would lead to changes in the diversity of the community. Species with very low absolute densities, for instance, might be less successful in replacing themselves and tend to drop out of the community, or potentially competing species might be able to coexist only where combined absolute numbers were below a given threshold. No indication of such effects was detected in this study.
Bird species diversity should theoretically increase with habitat diversity (MacArthur and MacArthur 1961). The widely used index of habitat diversity based on total leaf surface in each of these arbitrarily defined foliage levels and termed foliage height diversity (FHD) seems inappropriate for urban situations where tree and shrub foliage is very patchy (concentrated in tight clusters of dense ornamental trees and shrubs), and where nonvegetative structures such as buildings, poles, and wires contribute importantly to the utility of space in the several levels in terms of perches. I accordingly devised a perch-height rZiversit~/ index (PHD) similar to the category diversity index of Karr and Roth ( 1971)) using estimates of perch availability instead of leaf surface in each of the three levels. The per cent of square yard units that contained any solid substrate usable for perching was estimated in vertical projection for each of the three levels and the proportions of the three applied to the information theory equation. The lower stratum included the ground surface and therefore had 100% representation in both the urban and the desert areas; the upper two levels contained many roofs and wires as well as shrub and tree perches in the city, only the latter in the desert. PHD values obtained in this way were 0.853 for the urban area, and 0.546 for the desert, supporting the subjective impression that the urban habitat was considerably more complex in physical structure.
I also calculated a habitat feature diversity index similar to that used by Tomoff (1972) in desert habitats and based on the proportional representation of each of the major habitat features, natural and artificial, in the total environment. With 18 features present in the urban situation and only 6 in the desert (see table 2)) the H' values not surprisingly showed a much greater habitat diversity in the city (2.132) than in the desert (0.799).
Both the perch-height and the habitat feature diversity indices described above show an inverse relationship with bird species diversity in the urban-desert comparison. This unexpected situation may reflect the historical newness of urban environments in the region and an element of "immaturity" in the bird TABLE 38. Densities of resident birds and biomass in the urban residential area and on the desert area believed to resemble the urban area as it was 70 years ago. (Hawks, owls, nightjars, and swallows are excluded; the cowbirds in the urban area are regarded as strays.) Territory type and food habits type are shown at right. G  TB  TB  TB  C  TB  TC  TC  TC  TT the third and the fourth. The nature of these environmental changes and the roles each is thought to have played in shaping the modern urban community and regulating its population densities are discussed in the following paragraphs and summarized in figure 5.
In this discussion I assume: (a) that the boundaries of both the urban and the desert study areas are thoroughly permeable and will allow birds to move freely in either direction and to establish a balance based on resource levels and the ecological and social tolerances of the species; and (b) that any differential in productive capacity across the boundary will be cancelled by these movements and will therefore not feature significantly in the com- Most of the 26-fold increase in biomass from the desert to the urban habitat is attributable to the seed-eaters. The biomass of these birds jumped from 723 to 46,970 g/100 acres, a 65fold increase. Ninety per cent of the biomass of the urban influx were seed-eaters; less than half of the biomass of desert species that failed to adapt to the urban habitat were seedeaters.
Insect-eaters also increased in the city, but the changes were less dramatic. The biomass of all insect-eaters increased 4.7-fold. Among these, the trunk-gleaners increased 3.4-fold; the aerial-gleaners, 2.5fold; and the groundgleaners, 7.0-fold. The foliage-gleaner biomass decreased by one-half.
Food supplies are generally difficult to evaluate quantitatively in nature, and I have no measurements and only a few useful indicators of the abundance of natural food resources in this study. Seeds and sugar-water provided in the urban area by the human residents were estimated, however, and were clearly of major significance to the seed-and nectar-feeders there.
These are the two foraging guilds that increased most spectacularly with urbanization.
The presence of Black-chinned Hummingbirds in the city is probably attributable to artificial feeding, as regularly serviced hummingbird feeders were maintained and patronized at at least five homes in the area (spring, 1973 survey) and probably at several others.
Grasses and forbs were sparse in the desert following the dry winter of 1972 and, with the seeds of creosotebush largely rejected by birds, the available seed supply there was clearly low. In town, on the other hand, lawn grasses and weeds were abundant, and apparently producing large quantities of small seeds in late spring, especially on poorly tended and trampled lots. Inca Doves, House Sparrows, and especially House Finches fed extensively on these lawns or moved out to the playing fields in a nearby public park. More significant, however, was the large quantity of bird seed (mainly millet, canary grass, sunflower), scratch feed (mainly sorghum, cracked maize, wheat), and table scraps distributed by householders. A survey in the spring of 1973 revealed that seed was put out for birds at 22 homes in the area. Between 0.2 and 2.5 pounds were provided regularly at 16 of these homes, with a total daily output of about 15.0 pounds (5700 g). Inca Doves, White-winged Doves, House Sparrows, and House Finches swarmed to these feeding stations together with smaller numbers of Mourning Doves, Cardinals, and others. Calculating for a total biomass of 47,000 g of seed-eaters, and assuming a 25% of body weight consumption per day, the seeds supplied at feeding stations probably provided about half of the community' s total needs.
In Nesting substrate. Six nest substrate guilds were recognized in the two communities: treecrown nesters, tree-cavity nesters, palm-crown and crevice nesters, shrub nesters, cactus nesters, and ground nesters (table 3, col. 7). Matching the introduction of shade trees into the city, tree-nesting species increased from 6 birds per 100 acres in the desert to 465 in the urban setting (fig. 4) . Cavity nesters similarly increased from 3 to 51, and shrub nesters from 23 to 187 birds per 100 acres. Among desert shrub nesters, only one of the species that characteristically build in relatively sparse foliage colonized the urban habitat. This species, the Verdin, apparently found an acceptable alternate to its preferred PaloVerde twig substrate in the introduced Parkinsonia of the urban environment. The two shrub-nesting species that tend to favor dense foliage in the desert, the Cardinal and the House Finch, readily accepted the urban ornamentals and attained high nesting densities in them. Cactus nesters declined from 14 to 7 birds per 100 acres in line with the near demise of their preferred substrate in the city, and ground nesters failed to establish themselves, perhaps because of disturbances (see below, suppression factors). The palm-crown and crevice nesters, a guild absent from the desert and containing a single species in the city, the House Sparrow, had the largest membership of any guild, 520 birds per 100 acres, concentrated in the street-bordering palm trees and the crevices under roofing tiles.
Szlppressive factors. Population-suppressing factors were drastically altered in the transition from desert to urban conditions. Predation pressures were changed and selectively intensified with the replacement of a diverse assemblage of lesser carnivores and predatory omnivores by one highly efficient mammalian predator, the house cat. Disturbances produced by human activity, notably pedestrian traffic, playing children, exploring dogs, and vehicular traffic, essentially absent in the desert, constitute a persistent menace to breeding success and even foraging activities for certain species in the city. Arboreal species are relatively immune but ground nesters such as Gambel' s Quail (Lophortyx gambelii) and Roadrunners (Geococcyx californianus) were probably eliminated and prevented from reinvading the urban tract by one or more of these factors since these species do persist and breed in many less congested but structurally similar suburban situations nearby. The absence of three low-flying brush species, the Bendire' s Thrasher ( Toxostoma bendirei) , Pyrrhuloxia ( Pyrrhuloxia sinuata), and Brown Towhee (Pipilo fuscus), and of one ground-pouncing arboreal species, the Loggerhead Shrike, from the urban area is probably also attributable to the relentless disturbances of traffic and other human activities.
Intraspecific social spacing. Aggressive interactions among the members of a species population during the breeding season may act as a dispersive force, spacing the individuals and thereby influencing population density and community composition (Brown 1969) . Males of some species regularly exclude conspecific challengers from a rather clearly delineated territory large enough to provide all the essential resources needed for raising a brood (type A territory).
In other species, aggression is less consistent and tends to be restricted to a small, vaguely defined area near the nest. Such territories, here labeled type B, provide only a fraction of the required resources, and their owners must fly out for varying distances to forage.
Birds with type A territories (all essential resources included) dominated in the desert community, with 71% of the species and 93% of the individuals; in the city, on the other hand, they constituted only 43% of the species and a mere 8% of the individuals. The big influx into the urban area, 95% of the population increment, was by birds with type B territories (obtain most food, etc., beyond the territory boundaries).
Species with type B territories in these communities are primarily seed-eaters, perhaps because of the relatively coarse patchy distribution of seed supplies vis-ci-vis insects and the need for such birds to feed at common feeding grounds some distance from their widely scattered nests. The dramatic increase in the proportion of type B species in the city ( fig. 4D ) may thus be incidental to the equally dramatic increase in seed-eaters noted earlier.
While type B species dominated in the invading element of the city, type A species did not decline, in fact most of them made substantial gains (table 3) . We have noted that improved nest-site facilities and in some cases food may have contributed to these increases, but extensive use of the abundant and welldistributed telephone lines and television antennas as song and calling perches by Mockingbirds, Cardinals, Gila Woodpeckers, and others suggests that these structures contributed an important element, perhaps a critical feature, for type A territory defenders.
The potential role of territorial aggression or interference competition in regulating bird populations has been controversial (Brown 1969) . Theoretically, it provides a ceiling to population growth when and where all vital resources are in excess of requirements and all suppressive factors ineffective. Presumably, the density level at which it becomes effective in limiting a population has been genetically determined in the species through selection for maximum fitness under these optimum environmental conditions. In this study I implicate it only where (a) all essential resources appear to be in excess of requirements; (b) the type A territories of the species are contiguous over the whole area; and (c) census data from other parts of the species' range do not show populations appreciably larger. Two species, the Mockingbird and the Gila Woodpecker, seem to meet these criteria on the Tucson urban tract. A third, the Cardinal, may fit although it does not completely meet the second and third criteria. Interspecific competition. Interspecific competition, often implicated in discussions of population regulation, can act through the induced depression of supplies of shared resources below critical levels (exploitation competition), or through direct interference in gaining access to such resources (interference competition) ( Miller 1967 ).
Critical food shortages are difficult to demonstrate directly in nature, but the daily concentration (in time and space) and frantic feeding activity of doves, finches, and sparrows at certain stations where grain was dispensed at regular hours suggested an unfavorable balance between supply and demand during the period before weed seeds were abundant.
Competition for nesting sites in the few remaining cholla cactuses may have been operating between the few Curve-billed Thrashers and Cactus Wrens in the urban area; both species strongly favor these cactuses in their natural desert environment.
Evidence of spatial separation of nesting White-winged Doves and Mourning Doves in the urban area and two observed instances of interspecies aggression near nest sites suggest the possibility of interference competition between these two species in the city.
SUMMARY
The size and structure of the land-bird community on an 87-acre tract of urban residential habitat in Tucson, Arizona, were studied and compared with those on a tra.ct of undeveloped desert closely similar to that on which the urban site was constructed 70 years before.
Sixty-five per cent of the birds in the urban community belonged to three invader species (exotics) already adapted to urban habitats when they arrived. Thirty per cent belonged to five widely distributed North American species all relatively eurytopic but favoring mesic situations such as the urban habitat under study. The remaining 5% belonged to six southwestern desert species with specialized habitat responses; four of these species increased, and two decreased in the urban area. Twelve local desert species failed to colonize the new habitat.
The urban community had lower diversity than the desert community both in numbers of species (14:21) and H' values (1.73:2.19) despite a higher diversity of the habitat according to a perch-height diversity index (0.85:0.55) and a habitat feature index (2.13: 0.80). Bird species equitability (J' ) was similar in the two communities.
The total population density (all species) was 26 times as high in the city as in the desert ( X30:47 birds per 100 acres). The total avian biomass was also 26 times as great in the city.
Community members categorized according to their feeding, nesting, and social characteristics showed strikingly different responses to the urban environment. Among six recognized foraging guilds, seed-eaters increased most sharply (65-fold increase in biomass) while the various categories of insecteaters increased between 2.5 and 7.0-fold or decreased by one-half (foliage gleaners). Water-dependent species increased much more strongly than water-independent species. Tree and shrub nesters increased markedly while cactus and ground nesters declined. Strongly territorial (type A) species dropped from 93% of the community population in the desert to 8% in the city; 9570 of the urban increase was by weakly territorial (type B) species.
Factors underlying the population changes that have occurred in the urban community since its establishment and factors regulating the current population levels in both communities were assessed by appraising the resources and hazards of the two habitats. Seed supplies were enhanced in the urban habitat by the introduction of weedy lawns and home feeders; the latter source apparently supplied about one-half of the urban community' s seed requirements in 1973. Foliage, bark, and ground insects were not sampled but presumably responded positively to the introduction of shade trees, ornamentals, and watered leaves. Water, nearly absent in the desert area for much of the year, was well distributed in the city. Nesting sites were greatly in-creased for arboreal, cavity, and crevice nesters by plantings and concurrently reduced for cactus nesters and certain shrub nesters by plant removals. Overhead wire and other high song perches presumably enhanced the value of the urban environment for territorial species. Traffic hazards and disturbances were selectively detrimental to ground nesting and low shrub foraging birds. Intraspecific territorial competition may be currently restricting further increase in two highly aggressive species, and interspecific competition for limited supplies of food and nest sites may be operating in two or three cases.
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